The rotational spectra of five weakly bonded hydrogen-OCS complexes ͑paraH 2 , orthoH 2 , HD, orthoD 2 , and paraD 2 ͒ are measured. Hyperfine structure is resolved and analyzed in all except the complex with paraH 2 , where I = 0. For the two j = 1 species, orthoH 2 -OCS and paraD 2 -OCS, nuclear hyperfine coupling constants are found to be d a = 21.2͑2͒ and 8.4͑2͒ kHz, respectively, indicative of nearly free uniaxial rotation of the hydrogen around the b-inertial axis. Similar analyses for HD-OCS and orthoD 2 -OCS yield the quadrupole coupling constants eqQ a =16͑2͒ and 30͑2͒ kHz, respectively, showing that the internal rotational motions of HD and orthoD 2 in the complex are slightly hindered producing a small nonspherical distribution. For orthoD 2 -OCS, the observed hyperfine structure indicates that the nuclear spin states I = 0 and 2 are strongly coupled in the rotation of the complex.
INTRODUCTION
The observation of "molecular superfluidity" of the paraH 2 ͑pH 2 ͒ clusters inside mixed 4 He/ 3 He droplets at 0.15 K has been reported by Toennies et al., [1] [2] [3] using carbonyl sulfide ͑OCS͒ as a molecular probe. This structure-dependent superfluidity refers to the free rotation of the embedded molecule, which is illustrated by the absence of pronounced Q-branch transitions of the C-O stretching mode after five or six pH 2 molecules are attached to a single OCS molecule. In principle, the lack of angular momentum around the a-inertial axis indicates free rotation of OCS. The onset of superfluidity has been attributed to the high permutation symmetry of a five-or six-membered ring of indistinguishable bosonic pH 2 molecules surrounding OCS. 4 Superfluidity has not yet been observed in helium droplets with other isotopic forms of hydrogen. Recent quantum Monte Carlo simulations 5, 6 suggest that superfluidity is characterized by a highly anisotropic response function in which there is no angular momentum excitation of H 2 parallel to the molecular axis. Because this response function is controlled by the intermolecular interaction potential between OCS and pH 2 , detailed experimental and theoretical studies of the H 2 -OCS complex may provide insight into the origin of this remarkable phenomenon.
We report here the detection of hydrogen nuclear hyperfine structure ͑hfs͒ in the lowest rotational transitions of four hydrogen-OCS ͑oH 2 , oD 2 , pD 2 , and HD͒ complexes in which the coupled nuclear spin is not zero. Fourier-transform microwave spectroscopy of a supersonic molecular beam aligned along the axis of the Fabry-Perot cavity has provided the high resolution required to detect the small hydrogen hfs. To date, nuclear hyperfine interactions of molecular hydrogen have only been studied by magnetic resonance techniques owing to the lack of a permanent electric dipole moment. Such hfs can be observed by rotational spectroscopy if molecular hydrogen is weakly bonded to a molecule with an appreciable dipole moment such as OCS. Owing to the high spectral resolution of our microwave spectrometer ͑ / ⌬ ϳ 10 7 ͒, hfs has been resolved at the kHz level for all but pH 2 -OCS, and accurate nuclear spin-spin and quadrupole coupling constants have been derived. These constants yield detailed information on the internal rotational dynamics of hydrogen within the complex.
RESULTS AND DISCUSSIONS
The spectrometer used here has been described previously. 7 Hydrogen-OCS complexes are generated by supersonic expansion of a gas mixture of 0.2% OCS and 3% hydrogen in neon, except for pH 2 -OCS whose lines were only detected with helium as the carrier gas. For HD-OCS and D 2 -OCS, high purity isotopically enriched samples of HD or D 2 were used. Under optimized experimental conditions, the strongest rotational lines of each complex could be observed with a signal-to-noise ratio of better than 100 in a few minutes of integration.
Rotational transitions of hydrogen-OCS are considerably simpler than those of other weakly bonded complexes with internal rotation. First, as a consequence of the large rotational constant ͑i.e., B ϳ 40-80 K͒ of molecular hydrogen relative to the low rotational temperature ͑T rot ϳ 3 K͒ of the supersonic beam, hydrogen is cooled to the lowest rotational level of each spin symmetry. 8 Second, the energy difference between spin allowed excitations, j = 0 and j = 2 for D 2 ͑180 cm −1 ͒, is sufficiently large compared to the anisotropy of intermolecular interaction between hydrogen and OCS ͑D e = 210 cm −1 ͒ that any allowed mixing between different rotational levels of H 2 , HD, or D 2 is quite small, as discussed further below.
Because the rotational states of the molecular hydrogen in the OCS complexes are found to be essentially those of freely rotating hydrogen, the inertial system is planar, the a-axis is nearly coincident with the OCS molecule, and the b-axis is nearly coincident with a line connecting the centersof-mass of OCS and hydrogen separated by 3.8 Å.
The fundamental rotational transition ͑1-0͒ of each complex, including both oH 2 -OCS and pD 2 -OCS where j = 1, has been detected in our supersonic molecular beam spectrometer. The existence of this transition establishes that the projection of hydrogen internal rotation j on the inertial a-axis is zero ͑j a =0͒, and this internal rotation is decoupled from the molecular axis, conserving the end-over-end rotation of the complex. In addition, the frequencies of the transitions which originate from K p =0 ͑Table I͒ are nearly harmonic; they are separated in frequency by integer quantum numbers, implying that the energies of each rotational level depend upon the angular momentum of the frame N, not the total rotational angular momentum J, where J = N + j. The lowest energy level is N = 0 for each of the species, independent of whether j = 0 or 1.
With the exception of pH 2 -OCS, the N = 1-0 transition of each complex also exhibits hydrogen nuclear spin-spin or quadrupole hfs ͑Fig. 1͒. As expected, no hfs was observed for pH 2 -OCS ͑I =0͒. For the two j =1, I = 1 species, oH 2 -OCS and pD 2 -OCS, the nuclear spin-spin coupling constant can be determined to high precision by fitting the nuclear hyperfine Hamiltonian of Ramsey 9 to the observed hfs:
where d a is the nuclear spin-spin coupling constant for oH 2 -OCS and the linear combination of undistinguishable spin-spin and quadrupole coupling constant for The extremely small hyperfine structure observed in N = 1 prevents the determination of the sign of eqQ a . The spectrum can be equally fit by reversing the F N = 0 and 1 assignment. The values are calculated using the corresponding coupling constants of free hydrogen obtained from Refs. 9, 11, and 14.
c These numbers are the differences between the measurements and predictions from the spherical ͑j =0͒ or uniaxial ͑j =1͒ free rotation model.
FIG. 1.
The observed and best-fit stick spectrum for the 1-0 rotational transitions of the five hydrogen-OCS complexes. The integration time for each spectrum was approximately 10 min. The double-peaked line shape in the observed spectra is instrumental, the result of the Doppler shift of the Mach 2 molecular beam relative to the two traveling waves that compose the confocal mode of the Fabry-Perot cavity. For pH 2 -OCS, this line doubling is apparent, but for the other complexes, owing to the hydrogen hfs, the observed patterns are more complicated. The assignment of the HD-OCS weaker hyperfine components F N and 1 is uncertain. The measurement of transition intensity is qualitative, owing to the non-linear dependence upon cavity Q and microwave radiation power.
pD 2 -OCS, 10, 11 where the contribution from spin-spin interaction is about 10% from the study on free pD 2 by Code and Ramsey. For oH 2 -OCS, we also include the spin-rotation interaction:
H SR = c a I · N yielding d a = 21.2͑2͒kHz and c a = −4.0͑2͒kHz, compared to 57.68 and 113.8 kHz for free oH 2 . 12 The energy is then diagonal in F N = N + I. The N = 1 level has three components: F N = 2, 1, and 0. The observed hyperfine components for the four hydrogen-OCS complexes are listed in Table II .
The observation of hfs in HD-OCS reveals that HD is not executing completely free internal rotation. The splittings in the spectrum seen in Fig. 1 are extremely small, thus the spectral assignments of F N = 0 and 1 in the N = 1 level may be interchanged. The nuclear quadrupole coupling of deuterium is the dominant hyperfine interaction, so the magnitude of the constant eQq a can be determined by fitting a standard Hamiltonian to the observed structure. 13 We derive a value of ͉eQq a ͉ =16͑4͒kHz for HD-OCS, compared with for 224.54͑6͒kHz for free HD. 14 As discussed by Code and Ramsey, 14 hfs in pD 2 is the result of both electric quadrupole and magnetic spin-spin interactions, which make indistinguishable contributions to the observed hfs. Employing a similar method of analysis for pD 2 -OCS yields d a = 8.4͑2͒kHz, compared to 25.24 kHz for free pD 2 .
9 oD 2 -OCS, however, exhibits a quite different hyperfine pattern from that of pD 2 -OCS, even though electric quadrupole coupling is the dominant interaction. Unlike pD 2 , oD 2 consists of two nuclear spin states I = 0 and 2, with statistical weights of 1 and 5, respectively. A satisfactory fit to the observed hfs, yielding eqQ a =30͑2͒kHz, can only be achieved if mixing occurs between I = 0 and 2 levels via the matrix elements of the hyperfine Hamiltonian as follows:
where J should be replaced by N in the case of oD 2 -OCS. This effect was reported by Code and Ramsey for the j =2 state of free oD 2 .
14 Spin-spin coupling can be safely neglected in the present analysis because it is one order of magnitude smaller than quadrupole coupling for oD 2 .
The deviation from free internal rotation is obtained from the nuclear hyperfine coupling constants via the second-rank tensor projection:
Here ␤ is the instantaneous angle between H 2 and the a-inertial axis of the complex, P 2 ͑cos ␤͒ is the second Legendre polynomial of cos ␤, and d 0 is the nuclear hyperfine coupling constant of free hydrogen. 15 For oH 2 -OCS, we derive ͗P 2 ͑cos ␤͒͘ = 0.373͑4͒, and for pD 2 -OCS, ͗P 2 ͑cos ␤͒͘ = 0.325͑8͒. Both numbers are close to the value of ͗P 2 ͑cos ␤͒͘ = 0.4 expected for uniaxial free rotation, a strong indication that internal rotation of oH 2 and pD 2 about the b-axis is almost free. The values for the hyperfine structure constants d a and eqQ a together with their projections, ͗P 2 ͑cos ␤͒͘, are collected in Table III. For HD-OCS, where as noted the sign of eqQ a is undetermined from the spectra, we obtain ͉͗P 2 ͑cos ␤͉͒͘ = 0.071͑18͒. The slight non-zero value of this projection is interpreted as the small admixture of the j = 2 state into the predominantly j = 0 state of HD, induced by the anisotropy of the interaction potential. The nuclear quadrupole coupling operator has a matrix element connecting j = 0 and j = 2, but not the j = 1 state. The internal rotation wave function for HD-OCS is then estimated to be 0.997͉0͘ ± 0.079͉2͘, where ͉0͘ and ͉2͘ are the wave functions of free HD. Similarly, oD 2 -OCS ͑j =0͒ also exhibits slight nonspherical motion of oD 2 , resulting in the corresponding wave function of 0.990͉0͘-0.143͉2͘. The admixture of j = 2 should vary with the moment of inertia of the hydrogen species and the effective anisotropy, which in turn varies with the zero-point oscillation. In attempting to predict the deviation from the pure j = 0 for pH 2 -OCS, we assume that the admixture of ͉2͘ in HD-OCS has the same sign as in oD 2 -OCS and the fractional deviation resulting from radial oscillation is the same in the series of hydrogen ͑j =0͒-OCS. The coefficient of j = 2 for pH 2 -OCS is then estimated to be −0.045. This number is small but not zero. In speculating about the origin of the difference between oD 2 and pH 2 with respect to superfluidity, it may arise because the permutation symmetry of oD 2 is removed by the existence of two distinct nuclear spin states regardless if there is appreciable coupling between the I =0 and 2 states.
Finally, we have measured the N = 0-1 transition of the minor oH 2 -OC 33 S isotopomer. The transition centered at 10100.928 MHz shows the expected 33 S hyperfine splitting. It is fit by eqQ a = −28.7 MHz, compared to eqQ = −29.13 MHz 13 of OC 33 S. This difference is well accounted for by the small rotation of the a axis of oH 2 -OC 33 S from that of OC 33 S. In summary, from high-resolution rotational spectroscopy of weakly bonded hydrogen-OCS complexes, intrinsic hyperfine interactions of hydrogen and the corresponding internal rotational dynamics within the complexes have been revealed. We find that hydrogen undergoes slightly hindered rotation, and that the degree of hindrance is mass-dependent.
